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Background & motivation: why validate CAD-based prompt-loss predictions?
NuBDeC: CAD-to-simulation framework for fast-ion wall loads

Experimental strategy: dedicated KSTAR L-mode discharges + IRTV
Results: parameter scan (/,, B, beam source) vs. simulation

Conclusions & outlook: toward a surrogate model and digital twin
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Background & Motivation



Engineering detail governs fast-ion heat loads

Modern devices are geometrically “crowded” .
... but validation is limited

e Heating ports, cooling channels, diagnostics = . . .
&p & & Experimental confirmation that

CAD-based predictions reproduce the

measured 3D global heat-load

footprints — including localized

real, non-axisymmetric engineering geometry

e NBI power deposition and PFC heat loads cannot
be captured by idealized, toroidally symmetric
models

. . . L leading-edge peaks — remains scarce,
o Localized peaks arise at leading edges and limiters sl

yet it is a prerequisite for trusting these

CAD-to-simulation tools exist ... tools in design and between-shot
o Field-line / orbit tracing through 3D CAD: operation.
SMARDDA' HEA_T; 3D orbit followmg.: _ASCO_T Precedent: W7-X fast-ion IR validation
¢ Being assembled |n.to Al—augmentefi digital twins (Wolf et al., Phys. Plasmas 2010) —
(DNI-D, MAST-U in NVIDIA Ompniverse) not prompt-loss only.
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Goal

Qualitative experimental validation of NBl-induced prompt fast-ion loss (bad-orbit loss)
heat-flux predictions by the CAD-based orbit-following code NuBDeC, against IRTV
measurements on KSTAR lower PFCs.

e Dedicated KSTAR session (Nov. 19, 2025, 4 hours, 23 discharges)
e Scan of [, = 400 / 500 / 600 kA, Br = 1.7 / 1.8 T, beam sources NB1C, NB2A/B/C

e Beam-on/off IRTV AT maps (4-7 s window) vs. NuBDeC prompt-loss heat-flux maps
rendered at the fitted IRTV camera view

o First benchmark that isolates NBI prompt loss from thermal-ion and ELM-driven signals

A step toward quantitative predictive modeling for future devices (ITER, CPD, DEMO) that accounts for
engineering details.
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NuBDeC: CAD-based
prompt-loss simulation



NuBDeC framework

Monte Carlo orbit-following code (Rhee et al.,
Phys. Plasmas 2019)

e Modular, unified CAD-to-simulation pipeline

Prediction
Because the pipeline operates on
as-installed 3D geometry, it predicts

e High-performance fast-ion-wall collision non-axisymmetric, locally peaked loss
detection on CAD-derived unstructured footprints at leading edges and
meshes limiters.

o Per-face heat flux from NBIl-induced prompt

losses mapped onto the 3D PFC surface Inputs per shot

e CAD categorization links every mesh face to its ¢ Magnetic equilibrium (EFIT g-file)

engineering component
(divertor, poloidal limiter, passive stabilizer) Thomson scattering

o Beam source geometry, energy,

o Fitted ne, T, profiles from

power
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Physics knob: toroidal drift controls prompt loss

Prompt loss (also called bad-orbit loss): first-orbit loss of
beam ions born on loss orbits, deposited on PFCs within one
poloidal transit. Larger toroidal (curvature/V B) drift =
wider loss orbits = more prompt loss.

Drift in circular geometry (Rhee et al., Phys. Plasmas 2019,
App. B; Miyamoto 2016):

2
m v 2wqR
Vo (VL) T=
b eBoRo VH * 2 VH
p_YoT _ maR v vi2 vy oy = £
2w B eBoRo V” I R eBp

o Il =Bpl, gt =Dt (Dx1/l)

o Smaller v|| at fixed Ej, (smaller v)/v, e.g. smaller
tangency radius) = D1 through Vi/ZVH

e Br: qoc By and p o< 1/Bt cancel = weak effect

Testable predictions

o I,| (600 — 400 kA): loss 1

e Br (1.8 — 1.7 T): weak change

e NB1C (Ryan = 1.245 m) vs. NB2A
(1.56 m): smaller vj /v at birth =
NB1C loses more

Heat-flux peaks expected at leading
edges on the passive-stabilizer shield /
divertor and at the poloidal limiter.
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Experimental setup



Discharge scenario designed to isolate prompt loss

Diverted L-mode, lower single null (LSN) Beam timing (per shot)
o Held below the L-H transition = no H-mode / e Baseline: NB1B @ 50 keV, 0.6 MW
ELM-driven core-ion loss (0.5-4 s, sustains plasma; no ion loss)
o RF heating only at startup; effects excluded o Following beam under test: 4-10 s
within the 4-7 s observation window (NB1C @ 65 keV or NB2A/B/C @ 55
o LSN steers lost ions into the IRTV-monitored keV)
region, away from the thermal-ion footprint on e Beam blips/pulses (10 ms) for CES

the divertor

o NB power as high as achievable without L-H
transition (1.25-1.5 MW total) to maximize the
fast-ion population

Diagnostics
e Tangential IRTV (100 Hz), PFC
thermocouples
e Thomson (ne, Te), ECE, TCI, CES (T;)
e Neutron detectors
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NBI setting and the IRTV AT window

I, and By scans with NB1C; NB1C vs. NB2A at 400 kA, 1.8 T

IRTV AT window 4.0-7.0s  ------ NuBDeC equilibrium time HE CES 10 ms (planned)
NB1C shots (following beam NB1C 65 keV, 1.0 MW from 4 s)

5| Ip flat-top: 400 kA /600 kA {NUBDeC 7.5 s #39168 400 kA, 1.8T
£ 1.0| CES 10 ms: 3.5 s NB1B blip; ' #39176" 600 KA, 18T
=
o

5.6, 7 s NB1C blip #30181 400 kA, 1.7 T

NB2A shots (following beam NB2A 55 keV, 0.8 MW from 4 s)
s I, flat-top: 400 kA ENuBDeC 70s #39163* 400 kA, 1.8 T
< 1.0{ CES 10 ms: 3.5 s NB1B blip;
o
-
o

5,6, 7 s NB1B pulse

* L—H back-transition;
others L-mode

time [s]

NB1B baseline (50 keV, 0.6 MW) to 4 s, then the beam under test; IRTV AT over 4.0-7.0 s: only the beam
under test is on.
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Analysis methodology

#39168 NB1C 65 keV 1 MW, /|, = 400 kA, Br=1.8T
fitted D-port camera view; NuBDeC 65 keV, 1 MW, g-file 7.5 s

IRTV frame @ 7.0 s

poloidal view

NuBDeC heat flux

g
R
5 £
< N
g
15 2.0
R [m]
—> strike point ~—> poloidal limiter ~—> passive stabilizer
Measurement Simulation
o AT =1(7.0s) — I(4.0s), IRTV over 4-7 s o NuBDeC per shot: equilibrium + ne, Te fit, used
o Shot-to-shot difference A, — A, isolates the as the outward-remapped (p — p?) profile (next
scanned parameter slide)

o Rendered at the fitted D-port camera view;
magenta: LCFS strike line
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How the two profile inputs differ

outward- remapped (0 - p?): the value plotted at ppo\ is the fit at ppol = outward displacement Ap = p(1 - p)

//////

plotted at ppor

fit value taken at

0.25 = 0.52 YTy, 1
#39181,4-75Ta #39181, 4-7 s ne
8 ;
1.50 P
b
1.25 6 P !
N € Pl
Z 100 : i
50.75 2
.
<

0.50
0.25
0.00

0062 04 06 08 10
Ppol
Thomson 4-7 s consistent: n(p) =nfe(p)  ---- outward-remapped: n(p) = net(p?)

Consistent ne(p) = nft
Outward-remapped
(p — p?, used here)

t(p): every fitted point at its own position (backup only)
ni™m(p) = ngt(p ): monotone remapping, axis and separatrix fixed,
outward displacement Ap = p(1 — p); identical to evaluating the p, fit at ¥x
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LCFS strike lines along the toroidal direction

#39168 NB1C, I, = 400 kA, Br=1.8T #39176 NB1C, I, = 600 kA, Br =1.8T
lower divertor, top view lower divertor, top view
wn = 1 strike lines (g -file 7.5 s): wn = 1 strike lines (g-file 7.5 s):

Rip=1.3 B Rip=1.362 m, Royt=1.590 m
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D-port IRTV view n D-port IRTV view

Lower divertor from above: 1) = 1 of the NuBDeC g-file on the 3D wall (dashed: hidden under the overhang). Blue: wall
seen by the D-port IRTV; the strike lines (Rin ~ 1.36 m, Rout ~ 1.55-1.59 m) lie outside its view. Red / yellow: NuBDeC
NB1C / NB2A beam axes (midplane, Rian = 1.245 / 1.56 m; beam geometry: Sung et al., Fusion Eng. Des. 2022).
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Equilibrium over 4-7 s (1/2)

#39168 NB1C, I, = 400 kA, Bt = 1.8 T: EFIT every 100 ms (colour) vs NuBDeC g-file (black --)

n 0.2-1 divertor (o in, [J out) shift vs ref. g-file (7.5 s), max|A| 7
= 0 FANSE—
. = A
1 £
= A 6w
NI 0 @-10 — DRicrs,out: 1.6 cm g
g —— Asinner SP: 2.3 cm 55
-1 <_yo —— Asouter SP: 21.9 cm
1.4
1.4 2.2 1.4 1.6 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 4
R [m] R [m] time [s]

#39176 NB1C, I, = 600 kA, Bt = 1.8 T: EFIT every 100 ms (colour) vs NuBDeC g-file (black --)

n 0.2-1 divertor (o in, ] out) shift vs ref. g-file (7.5 s), max|A| 7
Y= _ o
E W
S 6%
5 ‘s
g -10 S,out: 1.0 CM IS
Y As inner SP: 3.3 cm 55
A < —— As outer SP: 18.4 cm
1.4 1.6 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 4

R [m] time [s]
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Equilibrium over 4-7 s (2/2)

#39181 NB1C, I, = 400 kA, Bt = 1.7 T: EFIT every 100 ms (colour) vs NuBDeC g-file (black --)

n 0.2-1 divertor (o in, Dout) shift vs ref. g-file (7.5 s), max|A| 7
" _ 0
1 £
T KA 6w
= 0 ®-10 —— ARicrs,out: 12 €m g
4 —— Asinner SP: 1.7 cm 55
-1 < —— As outer SP: 20.8 cm
1.4 -20 4
14 2.2 1.4 1.6 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
R [m] R [m] time [s]
#39163 NB2A, I, = 400 kA, Bt = 1.8 T: EFIT every 100 ms (colour) vs NuBDeC g-file (black --)
n 0.2-1 divertor (o in, [J out) shift vs ref. g-file (7.0 s), max|A| 7
0
1 —_ =G
-1.0 €
— —_ A 6%
£ 1S u ™
: 0 :_1.2 g—lo —_— ARITCFS,out: 1.1cm g
4 —— Asinner SP: 1.8 cm 55
-1 < —— As outer SP: 18.0 cm
-1.4
14 2.2 1.4 1.6 4.0 4.5 5.0 5.5 6.0 6.5 7.0 4
R [m] R [m] time [s]

Outer-midplane LCFS within 1.0-2.8 cm; only the outer strike point moves (outside the IRTV view).
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ne, To profiles 4—7 s with edge zoom (1/2)

#39168 NB1C, I, =400 kA, By =1.8T

Te, €edge zoom ne, edge zoom 7
<
\

3 62

A ()

= €

S 5.5
4

p;ml Ppol

#39176 NB1C, /|, =600 kA, By =1.8T

Ne Te, €edge zoom ne, edge zoom 7
i — e st
Pt 3 = | O
: = : 2
x \*ﬁ' 55
%0 o5 10 %00 05 10 1o 4
Ppol Ppol Ppol

*  Thomson ——— mtanh fits, every 100 ms (colour = time) =---- NuBDeC input ----- as read by NuBDeC (col0 = yy)
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ne, To profiles 4—7 s with edge zoom (2/2)

#39181 NB1C, /|, =400 kA, Br=1.7T
Te, edge zoom nNe, €dge zoom

[}
time [s]

w

#39163 NB2A, I, = 400 kA, Br =1.8T
7\'e, edge zoom nNe, €dge zoom
%

(S}

{ s
time [s]

0.9 1.0
Ppol

*  Thomson ——— mtanh fits, every 100 ms (colour = time) =---- NuBDeC input ----- as read by NuBDeC (col0 = yy)

KEE @er 19th EP-TM, EPFL Lausanne, 28 Sep — 2 Oct 2026 14/57



Results



I, scan (NB1C): lower /, = larger AT, as predicted

Ip scan (NB1C): 400 kA vs 600 kA

a = #39168, b = #39176
pololdal view

measured: AT, — AT, (IRTV) simulated: g, — g5 (NuBDeC)
I o E——
— strike point 102 o ’ 104
J— ili o
stab,llzer'bc.)undary 10! _E‘ 103 9
—— poloidal limiter S €
100 @ 102 &
o 3 £ E
o2 =N
wn =1, #39168 -10° G -10% 3
gy =1, #39176 _10t8 1031
yn = 0.2-0.8 < s
strike pt. ' —102d —10%
thermal-ion heat flux (not prompt Ioss)]
Shots #39168 (400 kA) vs. #39176 (600 kA), NB1C 65 keV, 1 MW, Bpr =18 T
Result AT at the predicted leading-edge and limiter locations; lower [, = larger AT

Divertor spot  strike point: thermal-ion heat flux, not prompt loss
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I, scan (NB1C): per-shot IRTV AT maps

I, scan (NB1C): 400 kA vs 600 KA — IRTV AT 4.057.0's
a = #39168 NBIC, /, = 400 kA, By = 1.8 T b = #39176 NB1C, [, = 600 kA, By = 1.8 T
AT,: #39168 ]

|
-
<

tensity (a.u.), SymLog

n

-1014

-10?

IRTV AT (4-7 s) for #39168 (400 kA, left) and #39176 (600 kA, center), and their difference
(right).

e Localized hot spots on the passive-stabilizer leading edges and lower structures are systematically

stronger at 400 kA
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Br scan (NB1C): a weak knob, masked by the edge birth rate

Bt scan (NB1C): 1.8 Tvs 1.7 T

a = #39168, b = #39181
poloidal view

measured: AT, — AT, (IRTV) simulated: g, — g5 (NuBDeC)
— strike point f 107 o / »
—— stabilizer boundary 10! K|
—— poloidal limiter §,
100
. —_
0 & £
2 )
wn = 1, #39168 ~10%
wn =1, #39181 —10t€
— ¢y =02-038 £
strike pt. _102° 5
1.5 2.0

R[m]

more heating at 1.7 T on limiters and passive stabilizer (AT, — AT, < 0)

Measured

NuBDeC, 7.5 s inputs  0.53% (1.8 T) vs. 0.17 % (1.7 T): opposite sign

Why Bt —6 % is a weak knob; the edge birth rate (ppo1 > 0.9) dominates
6.30 s profile measured sign reproduced (supplement 3/3)
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Br scan, supplement (1/3): prompt-lost ions are born at the edge

Birth position of prompt-lost ions, outward-remapped (p—-p?) profile runs
(NuBDeC, D 65 keV; NB1C 1 MW, 4.8x10%; NB2A 0.8 MW, 2.4x10° markers)

VS Ppol vs Yy (g-file at birth point)
60
5 100 5 50
2 2 )
8 80 8 S
o 40 I
o o g L
£ 60 S €30 2
3 I T S
& < & o
£ 40 & 520 @
£ - 13 s
] 20 ] s 10 L
0 A I :
0.75 0.80 0.85 0.90 0.95 1.00 0.75 0.80 0.85 0.90 0.95 1.00
birth ppol Of lost ions birth gy of lost ions
lost power born at ppol > 0.9
—— #39168 NB1C 400 kA 1.8 T: 98 % —— #39176 NB1C 600 kA 1.8 T: 100 %
—— #39181 NBIC400kA1.7T:93% #39163_rho NB2A 400 kA 1.8 T: 100 %

93-100 % of the lost power is born at Ppol > 0.9; there T is too low to ionize the beam = edge ne, Te set
the births
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Br scan, supplement (2/3): #39181 edge profile inputs

KEE @en

#39181 edge N, Ppor 0.90-0.95 #39181 edge Te, pyor 0.90-0.95
] 0.30
_10 m ) S 0.25|-
TE f\l\vﬂLJ‘N\J\\M{L L\JJM - //f\ _ [
5 08 i $0.20 L Iy
S. g 90.15 \’\,/J WP AT
<06 . ‘

4.0 4.5 5.0 5.5 6.0 6.5 7.0 4.0 4.5 5.0 55 6.0 6.5 7.0
time [s] time [s]

00’. 75 0.80 0.85 0.90 0.95 1.00 00’,75 0.80 0.85 0.90 0.95 1.00
Ppol (profile fit coordmate Ppal (profile fit coordinate)
(topi band average of each input
Thomson (20 ms slices / 4 7 s) —— 7.5 s case input (NuBDeC lost power 0.195 %)
—— Thomson 100 ms running median ~ —— 4-7 s averaged input (NuBDeC lost power 0.250 %)
Thomson 4-7 s mean —— 6.30 s slice input (NuBDeC lost power 0.518 %)

Thomson 4-7s 7.5 sinput 4-7savg. 6.30 s slice

edge ne [101° m~3] 0.89 0.71 0.76 0.81
NuBDeC lost power - 0.195% 0.250 % 0.518%
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Br scan, supplement (3/3): #39181 with the 6.30 s slice profile

By scan (NB1C): 1.8 Tvs 1.7 T (#39181: 6.30 s slice profile, 0.48M markers)

a = #39168, b = #39181 6.3 s
poloidal view

me@sured: AT, — ATy, (IRTV) simulated: g, — qp (NuBDeC) (¢ = 168°)
— strike point 10? o — 104
—— stabilizer boundary 10! S 100 2
— poloidal limiter 3 £
100 2 102 &
o 8 £ E
> E N
wn =1, #39168 -10%% -107 3
wn =1, #391816.35 _1012 -10%!
gy =02-08 107 o
strike pt. _102<l —10%
1.5 2.0
R[m]
NuBDeC, #39181 (remapped, 4.8 x 10°) lost power lost / born at ppo1 > 0.9 IRTV view  limiters
7.5 s input 0.195 + 0.006 % 60 % 0.44 0.36
4-7 s averaged 0.250 4+ 0.007 % 55 % 0.53 0.55
6.30 s slice 0.518 £ 0.010% 65 % 1.07 1.18
#39168, 7.5 s (4.8 X 106) 0.531 £ 0.003% 62 % 1 1

IRTV view / limiters: wall power rel. to #39168; 6.30 s = highest edge; next: slice-resolved 4~7 s runs. +: Poisson (single runs).
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eam-source scan: NB1C vs. NB2A at /, = 400 kA,

beam scan: NB1C (1 MW) vs NB2A (0.8 MW), I, = 400 kA, By = 1.8 T

a = #39168, b = #39163
poloidal view

measured: AT — AT, (IRTV) simulated: g, — qp (NuBC)

strike point
stabilizer boundary
poloidal limiter

1

Z[m]

o
) °
A intensity (a.u.), SymLog

| |

AP

o o
-

strike pt.

Shots #39168 NB1C (1 MW) vs. #39163 NB2A (0.8 MW); no power normalization
Geometry  NB1C tangency radius 1.245 m, smaller than NB2A 1.56 m (NB1A 1.486 m)
= smaller v /v at birth = larger drift D

Result measured and simulated: more limiter heating with NB1C
NuBDeC NB2A/NB1C wall power 0.10 (IRTV view 0.10, limiter boxes 0.11)
Note #39163: remapped profile, only 2.4 x 105 markers — noisy, boundaries resolved
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Where prompt-lost ions come from: birth phase space

#39168 NB1C, 400 kA, 1.8 T #39176 NB1C, 600 kA, 1.8 T
- lost 0.531 % T lost 0.005 %
1.0 4 o 1
w 10 10
>
Sos 102 lo-z - lost births (wall hit)
— loss boundary (LCFS outer)
\ --- wall outer
: 3 Ve 3 Uinos L
0.0 39 =5 5 1.0 10 10 -05 00 05 101° magnetic axis
P¢/(eww) Py/ (e y) — LCFS inner
--— wall inner
#39181 NBIC, 4?0tkA 117on #39163 NB2A, 4(I)0tk/-\ 1. fT —— ot = 0.9 (HFS midplane)
ost 0.172% - ost0.061% @ Ppol = 0.9 (LFS midplane)
1.0 1071 10-1 — trapped/passing (v =0, HFS midplane)
w / ;
> v =0 at LFS midplane
Q
-2
305 10 10~
A I\ -3 = L
00—=75 =05 00 05 100 ~10 —0.5 0.0 10

Py /(e y) Py /(€ ww)

Lost ions  red: born at the HFS edge, between LCFS-outer and wall-outer loss boundaries, at p,,o1 = 0.9
Runs NuBDeC, D 65 keV; NB1C 1 MW, 4.8 x 10%;, NB2A #39163 0.8 MW, 2.4 x 105 markers
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Birth phase space, #39181

: 7.5 s, 4-7 s average and 6.30 s profiles

#39181, 7.5 s profile

#39181, 4-7 s avg profile #39181, 6.30 s slice profile 100
lost 0.195 % T lost0.250% |@ N lost 0.518 %
. 1 , ~
w 10 101 101
=
o o7 N ks
Q /
30. 1072 102 YN 2 102
X \ \ _3 \ S A\ bk U -
10 —05 00 05 1020 -1.0 -0.5 0.0 1.0 -1.0 -05 00 05 1.0
Pyl (e ww) Pyl (eww) Py /(e ww)
« lost births (wall hit) —— magnetic axis —— ppo = 0.9 (HFS midplane) - trapped/passing (v =0, HFS midplane)
— loss boundary (LCFS outer) —— LCFSinner - Ppot = 0.9 (LFS midplane) - v;=0 at LFS midplane
————— wall outer --- wall inner

All three: outward-remapped (p — p?) profile, 4.8 x 105 markers; they differ only in the fitted time: 7.5's, 4-7 s
average, 6.30 s (highest edge). Lost births fill the same band; the edge input sets how many.
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Pitch—ener

R and Larmor radius (1/

#39168 NB1C /, = 400 kA, By = 1.8 T: lost 0.531 % (4.8x10% markers, 65 keV only; grey all, red lost)

(a) pitch-energy

—

(b) pitch distribution

s 1.00 c) birth R, lost (red (d) Larmor radius

— S e . -

S -

250 =501 T”t Sors E =

> |[E/2 (not sim.) g 03 g T, .2.2

o5c[E/3 (not sim. = = o

e e ) 5% £os0 S

5 £ 5

00350 075 1.002%% 050 075 1.00 15 2.0 % 25 50

birth pitch & birth pitch & birth R [m] pitch angle 6 [deg]

#39176 NB1C /, = 600 kA, By = 1.8 T: lost 0.005 % (4.8x10° markers, 65 keV only; grey all, red lost)

(a) pitch-energy

1

b) pitch distribution

c) birth R, lost (red

_ .él, wl.OG (d) Larmor radius

E 50 :.40 all E 0.75 —_

> |E/2 (notsim.) § lost s EZ

D 55|E/3 (not sim. = =

225[F/3 ( ) 5 20 £0.50 S

5 £ 3 p

0 2 0 VIS

0.50 0.75 1.00 = 0.50 0.75 1.00 1.5 2.0 0 25 50
birth pitch & birth pitch & birth R [m]

KEE e
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Pitch—ener

R and Larmor radius (2

#39181 NB1C /, = 400 kA, Br = 1.7 T: lost 0.172 % (4.8x10° markers, 65 keV only; grey all, red lost)

(a) pitch-energy

o (b) pitch distribution

— <

%50 E e all

Vs R

= |E/2 (not sim.) B> lost

295/E/3 (not sim.) a
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& £
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#39163 NB2A [, = 400 kA, Bt = 1.8 T: lost 0.061 % (2.4x10° markers, 65 keV only; grey all, red lost)

(a) pitch-energy

1

b) pitch distribution
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Lost ions: p; < 2 cm, born at the HFS edge (R &~ 1.34-1.49 m), smaller than the HFS LCFS-wall gap (3.6-4.4 cm) =
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Assumptions & limitations of the comparison

e Thermal-ion losses are confined to the divertor region = fall outside the predicted
prompt-loss footprints in the IRTV field of view
o Delayed orbit losses deviate only slightly from the prompt-loss distribution
e Comparison is qualitative: footprint location and parametric trend, not absolute heat-flux
magnitude
e IRTV A intensity in a.u. (linear) vs. simulated heat flux in W/m? (log scale)
e Surface emissivity, deposit layers, and camera calibration limit quantitative use

e 2 / 23 discharges excluded (H-mode / back-transition)

e Profile input: outward-remapped (p — p?) sensitivity profile, identical to evaluating the
Ppol fit at ¢n (next to methodology)

o Edge profile input: prompt-lost ions are born at p,e > 0.9, where T is too low to ionize
the beam neutrals efficiently, so the loss depends on the edge T, profile

KEE @er 19th EP-TM, EPFL Lausanne, 28 Sep — 2 Oct 2026




Conclusions & Qutlook



Conclusions

First qualitative benchmark of CAD-based prompt-loss prediction on KSTAR
e NuBDeC CAD-based high-fidelity prompt-loss predictions are validated against IRTV PFC
temperature rise
e Localized AT appears at the predicted leading-edge and poloidal-limiter locations
o Measured /[, trend (NB1C) and source trend (NB1C > NB2A at 400 kA) follow NuBDeC,
with toroidal drift as the main driver

e By scan: 1.8 — 1.7 T is a weak knob; the simulated loss follows the beam births at the
edge (ppo1 > 0.9), i.e. the edge T./ne input. With the highest-edge (6.30 s) #39181
profile the measured sign on the limiters is reproduced; a slice-resolved 4-7 s simulation is
the next step

Establishes a standardized, error-resistant foundation for synthetic diagnostics of fast-ion wall

loads.
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: toward an Al-native treatment of engineering detail

Quantitative predictive model for the KSTAR case as next step

Surrogate model trained on the experimentally validated dataset:
e predicts prompt-loss heat flux directly on the unstructured PFC mesh
e conditioned on magnetic equilibrium, beam source, and as-built geometry
e preserves full axial asymmetry while collapsing per-case cost

e Enables:
o exhaustive NBI parameter scans during conceptual design of future devices (ITER, CPD,
DEMO)
o between-shot heat-load guidance — avoid wasted discharges, fine-tune heating to each
experiment’s mission
o Integration into the KFE digital twin platform
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Backup: session summary & scan matrix

4-hour session: 21 / 23 discharges successfully configured in LSN L-mode flat-top.

Shot # I, [kA] Bt [T] Following beam Role in scan

39168 400 1.8 NB1C @ 65 keV, 1.0 MW  reference (max drift)

39176 600 1.8 NB1C @ 65 keV, 1.0 MW [, scan

39181 400 1.7 NB1C @ 65 keV, 1.0 MW  Br scan

39163 400 1.8 NB2A @ 55 keV, 0.8 MW  beam-source pair (400 kA, 1.8 T)

Baseline beam in all shots: NB1B @ 50 keV, 0.6 MW. Full matrix also includes NB2B/NB2C sources and /;, =
500 kA; representative pairs shown here. IR calibration for the low-temperature range performed on
passive-stabilizer shield tiles. NuBDeC equilibrium at 7.5 s (NB1C) / 7.0 s (NB2A).



Backup: per-shot IRTV vs. simulation renders (1/4)

#39168 NB1C 65 keV 1 MW, I, = 400 kA, By =1.8T
fitted D-port camera view; NuBDeC 65 keV, 1 MW, g-file 7.5 s

IRTV frame @ 7.0 s

poloidal view

2] (log)
Z[m]

,_.
o
heat flux [W/m

[y
o

1.5 2.0
R [m]

— strike point —> poloidal limiter =~ — passive stabilizer ° strike pt.

Shared colour scale; heat flux rendered at the fitted D-port camera position. Magenta: LCFS strike line on the wall; white:
YN = 0.2-0.8 in the poloidal plane ¢ = 168°.



per-shot IRTV vs. simulation renders (2/4)

#39176 NB1C 65 keV 1 MW, I, = 600 kA, By =1.8T
fitted D-port camera view; NuBDeC 65 keV, 1 MW, g-file 7.5 s

IRTV frame @ 7.0 s

poloidal view
(¢ = 168°)

NuBDeC heat flux

27

>
L2
T
2 E
) N
10
2 R |
=
@©
2
i~ -1.0
1.5 2.0
R[m]
— strike point —> poloidal limiter =~ — passive stabilizer ° strike pt.

Shared colour scale; heat flux rendered at the fitted D-port camera position. Magenta: LCFS strike line on the wall; white:
YN = 0.2-0.8 in the poloidal plane ¢ = 168°.



per-shot IRTV vs. simulation renders (3/4)

#39181 NB1C 65 keV 1 MW, I, =400 kA, Br=17T
fitted D-port camera view; NuBDeC 65 keV, 1 MW, g-file 7.5 s

poloidal view
IRTV frame @ 7.0 s

(¢ = 168°)

NuBDeC heat flux

2] (log)

Z[m]

-0.5

,_.
o
heat flux [W/m

-1.0

)
o

1.5 2.0
R[m]

— strike point —> poloidal limiter =~ —> passive stabilizer ° strike pt.

Shared colour scale; heat flux rendered at the fitted D-port camera position. Magenta: LCFS strike line on the wall; white:
YN = 0.2-0.8 in the poloidal plane ¢ = 168°.



per-shot IRTV vs. simulation renders (4/4)

#39163 NB2A 55 keV 0.8 MW, I, = 400 kA, By =1.8T
fitted D-port camera view; NuBDeC 65 keV, 0.8 MW, g-file 7 s

NuBDeC heat flux

poloidal view
(¢ = 168°)

IRTV frame @ 7.0 s

E
N
-0.5
-1.0
1.5 2.0
R[m]
— strike point —> poloidal limiter =~ — passive stabilizer ° strike pt.

#39163 (NB2A, 0.8 MW, 2.4 x 10° markers). Shared colour scale; heat flux rendered at the fitted D-port camera
position. Magenta: LCFS strike line on the wall; white: ¢)x = 0.2-0.8 in the poloidal plane ¢ = 168°.



Backup: Br scan per-shot IRTV AT

Brscan (NB1C): 1.8 Tvs1.7T — IRTV AT 4.0-»7.0s
a = #39168 NB1C, /|, = 400 kA, By = 18T b= #39181 NBI1C,/, =400kA, By =17T
ATp: #39181 AT, — AT,

=
o
r

A intensity (a.u.), SymLog

AT,: #39168
10?
10°
0
-10°
-10!
—-102

IRTV AT (4-7 s): #39168 (Br = 1.8 T) vs. #39181 (Bt = 1.7 T), and their difference.



Backup: why one simulation time (7.0 / 7.5 s) for the 4-7 s AT?

1. AT = 1(7.0s) — /(4.0s) is an accumulated response: one NuBDeC snapshot is compared
with the 3 s-integrated wall heating
o the prompt-loss footprint is set by the equilibrium and the beam geometry; density
fluctuations of this size change the beam deposition only weakly

2. Reference times: NB1C at 7.5 s (#39168, #39176, #39181), NB2A at 7.0 s (#39163)
3. Over 4-7 s the plasma is close to the reference:
e equilibrium (EFIT, 10 ms): outer-midplane LCFS within 1.0-2.8 cm (mean 0.2-0.6 cm),
inner strike point within 1.7-3.7 cm; only the outer strike point moves (15-22 c¢cm along the
target, mostly 4.0-4.5 s)
o profiles (Thomson + mtanh fit): core T, ne at the reference time within £15 % of the 4-7
s median for #39163, #39168, #39181; exception #39176 (n. —28 %, rising)



Backup: n., T. profiles 4-7 s, #39168 (NB1C, /, = 400 kA, Br

Profile sweep #39168 NB1C, / = 400 kA, Br = 1.8 T
4-7 s, 12 failed 20 ms fits excluded

X(O/Xeer =1
Te n, ref=7.55 50 ms
8
25 40
2.0 T i =
= £
E 15 ; 8
= E 3
=10 = =
& s :
b i
05 a0 ‘
0 0 45 50 55 60 65 7.
time [s]
max\él (100 ms median) (ef vs 4-7 s medan]
% [+3%]  —— nelp=0): 16% [+3%]
9| 45% [+8%] ne(p=0.9): 31% [+9%])
w TS median in
Te, edge zoom ne, edge zoom 0010, 0,31 1065, 0.951
2 2 :
5 | ;
2 M "\l
H ; S| o s
g
©-20
Ofgs 080 095 100 0P85 080 095  1.00 0 45 50 55 60 65 7.
ool Prol time [s)

max|6| (100 ms median) [ref vs 4-7 s median]
—— Tecore: 28% [+16%] —— ne core: 19% [-2%]
Te edge: 18% [-2%] ne edge: 23% [1%]

]
40 45 5.0 60 65 7.0
. rawThomson —— misnh ﬁ every 100 ms  ----- NuBDeC input (7.5 s case) - as read by NuBDeC (col0 = yy)



Backup: n., T, profiles 47

Profile sweep #39176 NB1C, I, = 600 kA, Br = 1.8 T
4-7 s, 6 failed 20 ms fits excluded

6= X(O)/Xrer =
T, n ref=7.55 50 ms
100
= £ s0
7 =
13 5
S [
= =
] X
< > —50]
~100
¥ X 75 50 55 60 65 7.
Ppol time [s]
max|6| (100 ms median) [ref vs 4-7 s median]
Telp=0): 25% [+12%] —— ne(p=0): 57% [-28%]
Te(p=0.9): 89% [-25%] Ne(p=0.9): 51% [-17%]
raw TS median in
Te, edge zoom ne, edge zoom Ppor 10, 0.31/[0.85, 0.95)
100
2.5
&2 5 50 !
T 4 L \
£ 2 { ey 1
o 1 S J
2, e O ST
¢ & -s0 '
05 ©
0 = o -100
P85 090 095  1.00 Pgs 090 095  1.00 0 45 50 55 60 65 7
Prol Ppol time [s]

max|6| (100 ms median) [ref vs 4-7 s median]
—— Tecore: 27% [+7%] —— ne core: 64% [-26%]
Te edge: 92% [-24%] ne edge: 49% [-14%]

]
40 45 50 55 60 65 7.0
i
© rawThomson —— miah Tl every 100 ms  --eer NuBDeC input (7.5 s case) - as read by NuBDeC (col0 = )



Backup: n., T. profiles 4-7 s

#39181 (NB1C, |/

, = 400 kA, Bt

Profile sweep #39181 NB1C, I, = 400 kA, By = 1.7 T
4-7 s, 19 failed 20 ms fits excluded

6= X(O/Xrer — 1
ref = 7.0 5 (7.5 s absent) 50 ms

Te ne
8|
20 3 40
_ 8 20
B E 5 | FM
= B4 E A
= = =5 11 I
. 2 W |
&, £-20
-0,
0 45 50 55 60 65 7.
time [s]
max|6| (100 ms median) [ref vs 4-7 s median]
Te(p=0):39% [-14%]  —— nelp=0): 16% [-6%]
Telp=0.9): 43% [+14%] Ne(p=0.9): 24% [-6%]
raw TS median in
Te, edge zoom ne, edge zoom ol [0, 0.3]/[0.85, 0.95]
2 20
5
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3 AG il
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Prol ol time [s]
max|6| (100 ms median) [ref vs 4-7 s median]
—— Te core: 28% [-10%] —— ne core: 30% [-8%]
Te edge: 18% [+1%] ne edge: 27% [-12%]
]
40 45 5. 55 60 65 7.0
time [=) .
© rawThomson —— mtanh fit, every 100 ms - NuBDeC input (7.5 s case) - as read by NuBDeC (col0 = yy)



Backup: ne, T. profiles 4—7 s, #39163 (NB2A, 400 kA, Br

Profile sweep #39163 NB2A, I, = 400 kA, Br = 1.8 T
4-7 s, 15 failed 20 ms fits excluded
& =X(t)/Xret — 1

T n 7.05 50 ms
3
8 50 3
6 <
5 : :
2 -
W 2 g
<2 ©
50,
406 0 0 45 50 55 60 65 7
Ppol time [s]
max|5| (100 ms median) [ref vs 4-7 s median]
Te0=0): 23% [+9%] —— ne(p=0): 19% [-1%]
Te(p=0.9): 53% [-5%] ne(p=0.9): 47% [-6%]
w TS median in
Te. edge zoom n., edge zoom Ppol 10,03110.85, 0.95)
40
£
5 20
£ MMH
2 [,
oo
£-20
©
o o -40
(4 0.90 0.95 1.00 (4 0.90 0.95 1.00 0 45 50 55 60 65 7.
Prol Ppol time [s]
max|6| (100 ms median) [ref vs 4-7 s median]
—— Tecore: 21% [+4%] —— n. core: 22% [-6%]
Te edge: 33% [+6%] ne edge: 38% [-8%]

]
40 45 5.0 60 65 7.0
- rawThomson —— mta"\w ?? every 100 ms  ----- NuBDeC input (7.0s case) - as read by NuBDeC (col0 = yx)

18T



Backup: edge profiles, remapped vs consistent vs Thomson (1/

#39168 NB1C, I, = 400 kA, By = 1.8 T: edge profile, 4-7 s median of the mtanh fits

model/Thomson, yy > 0.81:| .| model/Thomson, yy > 0.81:
_06 A0.81 B129| 7 A0.97 B1.11
> € *  Thomson 4-7 s
2040 T EEe . | outward-remapped (p—p?)
,:’0_2 - = —— consistent

<
08, 8.7 08 0.9 1.0
YN

#39176 NB1C, I, = 600 kA, By = 1.8 T: edge profile, 4-7 s median of the mtanh fits

model/Thomson, yy > 0.81:| . model/Thomson, yy > 0.81:
_0.75 A091 B1.23| 7 3 A1.00 B1.11
S .

+  Thomson 4-7 s
----- outward-remapped (p—-p3?)
—— consistent

0.087 08 09 10 87 08 09 1.0
Wn Wn

4-7 s median of the Thomson-only mtanh fits f(ppo1). Outward-remapped (p — p?): f(p;‘:o]) at ppol; consistent: f(ppol)



Backup: edge profiles, remapped vs consistent vs Thomson (

#39181 NB1C, I, = 400 kA, Br = 1.7 T: edge profile, 4-7 s median of the mtanh fits

model/Thomson, yy > 0.81:
A0.79 B1.32

model/Thomson, yy > 0.81:
A0.98 B1.13

0.8
Wn

0.9
Yn

1.0

Thomson 4-7 s
outward-remapped (p—p3)
consistent

#39163 NB2A, I, = 400 kA, Br = 1.8 T: edge profile, 4-7 s median of the mtanh fits

model/Thomson, yy > 0.81:

model/Thomson, yy > 0.81:

Wn

A074 B117 ".Z A098 B111
9
o
=
[
<
08 09 10 87 08 09 1.0

Yn

Thomson 4-7 s
outward-remapped (p—p?)

—— consistent

For ¢ > 0.81: T. +17 to +32% (remapped), —9 to —26 % (consistent); n. +11 to +13 % (remapped), within 3 %

(consistent).



Backup: prompt-lost ions are born at the edge, p,, > 0.9

Birth position of prompt-lost ions, outward-remapped (p—p?) profile runs
(NuBDeC, D 65 keV; NB1C 1 MW, 4.8x10%; NB2A 0.8 MW, 2.4x10° markers)

VS Ppol vs yy (g-file at birth point)
60
5 100 5 50
H 2 E)
2 80 g s
- - 40 I
3 il 3 5
. s 530 &
2 v 5 3
5 40 & 520 2
3 - £ I
g 20 j 2 zH
0 0 | i
0.75 0.80 0.85 0.90 0.95 1.00 0.75 0.80 0.85 0.90 0.95 1.00
birth pyo of lost ions birth wy of lost ions
lost power born at ppe > 0.9
—— #39168 NB1C 400 kA 1.8 T: 98 % —— #39176 NB1C 600 kA 1.8 T: 100 %
—— #39181 NB1C400kA1.7T:93% - #39163_rho NB2A 400 kA 1.8 T: 100 %

o Outward-remapped (p — p?) profile runs; left and right show the same lost ions, birth position as
prot and as i = pl (-file)

e 93-100 % of the lost power is born at ppo1 > 0.9 (¥x 0.79-0.94); no marker is born beyond
Pnx = 0.95

e The edge profile (ppo1 2 0.9) therefore sets the prompt-loss source



Backup: #39181 edge n., T. over 4—7 s vs. the NuBDeC inputs

#39181 edge ne, Ppo 0.90-0.95 #39181 edge Te, Ppor 0.90-0.95
o - ) 0.30
1.0.'.M' o o o . 0.25|
T LW N A N B
Eos e TN T Fo20
g 0. o , - LV 9 .
o C = B
= 20.15
© -
<0.6 0.10
. 0.05
4.0 4.5 5.0 5.5 6.0 6.5 7.0 4.0 4.5 5.0 5.5 6.0 6.5 7.0
time [s] time [s]
0.6
15
;0.4
[
X
o
So.2
0975 080 085 090 095 1.00 0975 080 085 090 095 1.00
Ppol (profile fit coordinate) . Ppol (profile fit coordinate)
dashed (top) = band average of each input
Thomson (20 ms slices / 4-7 s) —— 7.5 s case input (NuBDeC lost power 0.195 %)
—— Thomson 100 ms running median —— 4-7 s averaged input (NuBDeC lost power 0.250 %)
Thomson 4-7 s mean —— 6.30 s slice input (NuBDeC lost power 0.518 %)

Top: Thomson py,,1 0.90-0.95 per slice; bottom: profiles. 7.5 s input edge ne —20 % vs. the 4-7 s mean.



Backup: #39181 re-simulated with the 4-7 s averaged profile

Radial birth position: all births and prompt-lost ions
all births
(dotted: ppo = 0.9, yy = 0.81) 105t births VS P ost births vs gy
T 60, T

normalised birth power [1/bin width]

3 0] 0 i L
T T ™ - P
R AN ey
NuBDeC run (#39181, 7.5 s g-file) markers lost lost power Ppol > 0.9 births (lost out of these)
7.5 s profile 4.8 x 10° 938 0.195 + 0.006 % 0.31% (60 %)
4-7 s averaged profile (Thomson) 4.8 x10° 1200  0.250 = 0.007 % 0.44% (55 %)
reference: 7.5 s profile 4.8 x10° 8254  0.172+0.002% 0.27 % (60 %)
reference: #39168 (1.8 T), 7.5 s profile 4.8 x 106 25467  0.531 4-0.003 % 0.84% (62 %)

o 4-7 s averaged profile: 428 % loss, from +41 % births at py,1 > 0.9 ( Te stays high enough to ionize the beam slightly
further out); 55-62 % of those births are lost in every run, at 1.7 and 1.8 T = the loss follows the edge birth count

o No birth beyond ¢n = 0.88 in either run (depo_Psi_out = 0.90 is not used by the fast-ion-loss executable)
o +: marker-counting (Poisson) estimate, lost power/y/Njost; single runs, no ensemble



Backup: pitch—energy and Larmor radius, #39181 with the 7.5 s and 4-7 s

profiles

#39181 7.5 s NB1C [, = 400 kA, By = 1.7 T: lost 0.195 % (4.8%10° markers, 65 keV only; grey all, red lost)

(a) pitch-energy  (b) pitch distribution 1.00 c) birth R, lost (red (d) Larmor radius
— < ' fi .
B 50 =10 mem all e = _
~ %] "
> |E/2 (not sim.) § Iast -‘5_0'75 i §2
O955(E/3 (not sim. =5 o
g25 ) 5 £os0 €
S £ a L
0 2 0 0
0.50 0.75 1.00¢< 0.50 0.75 1.00 15 2.0 0 25 50
birth pitch & birth pitch & birth R [m] pitch angle 6 [deg]
#39181 4-7 s avg NB1C [, = 400 kA, Br = 1.7 T: lost 0.250 % (4.8x 10> markers, 65 keV only; grey all, red lost)
(a) pitch-energy i (b) pitch distribution 1.00 c) birth R, lost (red (d) Larmor radius
— ———— - Iy 7
> 3100w all i~ LS
250 S | — lost Sors| ¥ €
> |E/2 (not sim.) 2 257 = G2
B55/E/3 (not sim.) % 5 S 050 <
: 5 ~
0050 075 1002 ° 050 075 1.00 15 2.0 % 25 50
birth pitch & birth pitch & birth R [m] pitch angle 6 [deg]



Backup: Br scan, #39181 with the 4-7 s averaged profile

Bt scan (NB1C): 1.8 Tvs 1.7 T (#39181: 4-7 s avg profile, 0.48M markers)
a = #39168, b = #39181 4-7 s avg

poloidal view

) simulated: g, — g, (NuBDeC) (¢ = 168°)
— strike point 102 o : a
—— stabilizer boundary S 103 §’
—— poloidal limiter E, 10° ¢
o 102 &
> = =
< £ E
o2 N
wn =1, #39168 -10% -0 -05
wn =1, #39181 4-7 s avg —10t8 -10% |
— wy=102-08 £ . -1.0
o strike pt. -102< -te 3
1.5 2.0
R [m]
NuBDeC (remapped profiles) lost power births at p,o1 > 0.9  lost out of these births
#39181, 7.5 s input (4.8 X 10° markers) 0.195 £ 0.006 % 0.31% 60 %
#39181, 4—7 s averaged input (4.8 X 105) 0.250 £ 0.007 % 0.44 % 55 %
#39168, 7.5 s input (4.8 X 106) 0.531 4+ 0.003 % 0.84 % 62 %

4-7 s profile: 428 % loss (more edge births), still below #39168 = g, — g, > 0 on the limiters.

+: Poisson (single runs, no ensemble).



pitch of lost ions and prompt-loss fraction

Prompt losses vs [, By and beam source
(65 keV D, full-energy component only; E/2, E/3 not included)

<
‘c;—:‘ NB1C: pitch of lost births prompt-loss fraction
S 10') mmm #39168 /, 400 kA, By 18T <06
8 o ™= #39176 /600 kA, Br 18T = dasl
“‘;—’ = #39181 /, 400 kA, Br 17T 2 05
1%}
8.10_1 g 0.4
s 0.3
5107 % 0.172
2 go2 .
g10” Bo.1 0.061
s ., = 0.005
%05 0.6 0.7 0.8 0.9 1.0 00439168 #39176 #39181 #39163
8 birth pitch £=v;/v NBIC NBIC NBIC NB2A

Full-energy component only (E = 65 keV, IRATIO 1:0:0); the E/2, E/3 components are not included (not effective in this
study).



Backup: consistent profiles — no prompt loss

Radial birth position: all births and prompt-lost ions

all births
—_ (dotted: ppor = 0.9, yy = 0.81) lost births vs pyor lost births vs yy
:-1:.:3 30
s 50
£ 25
2
= 40
.Et 20
£
H 30 1s
£ 20
£ 10
o
% 10 5
E
1 0 0
< 0.0 0.2 0.4 0.6 0.8 1.0 0.75 080 0.85 0.90 095 1.00 0.75 0.80 0.85 0.90 0.95 1.00
birth gy (all births) birth ppe of lost ions birth gy of lost ions
—— #39168 consistent: no lost marker ~ —— #39163 consistent: no lost marker
—— #39176 consistent: no lost marker ~ —— #39168: 25,467 lost
—— #39181 consistent: no lost marker ~ —— #39181: 8,254 lost

Runs #39168, #39176, #39181 (NB1C, 1 MW), #39163 (NB2A, 0.8 MW)

Profile  consistent: 7.0 s Thomson mtanh fit used at its own pp1

Result 0 lost markers, 0 W on the wall in all four runs

Why births end at ¢x 0.71-0.78 ( T too low further out) = none at p,, > 0.9

So Bt / I, [ source renders are empty; the remapped profile keeps the edge births



Backup: consistent-profile inputs vs Thomson, 7.0 s (1/2)

Te [keV]

Te [keV]

#39168 NB1C, I, =400 kA, Br=1.8T,7.0s

ne, edge zoom

Ne Te, €edge zoom
' Tl .
TN
1 5. S ELO TN
N S ~
\M 2 i
. o ° @ l.
4 0.00 =-"1%00 .
8. 8.0 05 10 O 08 o © 08 1.0
Yn Wn Yn

#39176 NB1C, I, =600 kA, Br=1.8T,7.0s

ne, edge zoom

Ne Te, edge zoom
Y, _.0.50
X! =
..!‘.\’- ~
. Eo.zs.
- L]
0 05 1o 000
Yn
Thomson 6.96-7.04 s consistent




Backup: consistent-profile inputs vs Thomson, 7.0 s (2/2)

Te [keV]

Te [keV]

#39181 NB1C, I, =400 kA, Br=1.7T,7.0s

Te, edge zoom

ne, edge zoom

#39163 NB2A, I, = 400 kA, Br=1.8T,7.0s

Te, edge zoom

o

AN ! e

“ 1.0 v
) 2 \

pN f=) =
. R . :0,5 °
S )
~I | < 0.0
0.8 1.0 ' 0.8 1.0
Yn Yn

ne, edge zoom

Te [keV]

Thomson 6.96-7.04 s




Backup: consistent-profile runs, By scan (#39168 vs #39181)

Bt scan, consistent profiles: 1.8 Tvs 1.7 T
a = #39168 yN, b = #39181 yN

simulated: q, — g (NuBDeC)

poloidal view
(¢ = 168°)

— strike point o
—— stabilizer boundary g
—— poloidal limiter a 0.5
- E o0
-~ N
2
yn =1, #39168 yN loo-g 05
@y = 1, #39181 yN 1008
wn = 0.2-0.8 £ ~1.0
strike pt. _102<‘
1.5 2.0

Simulated side empty: no lost marker in either run.



Backup: consistent-profile runs, [, scan (#39168 vs #39176)

I, scan, consistent profiles: 400 vs 600 kA
a = #39168 yN, b = #39176 yN

simulated: q; — qp (NuBDeC)

poloidal view
(¢ = 168°)

— strike point 10? 2 10
—— stabilizer boundary 0! E 108 3
—— poloidal limiter > € 0.5
100 @ 102 & '
E =
o = o E £ 00
N
02 =
wn = 1, #39168 yN @ -1?g 705
wn =1, #39176 yN —10t8 —103!
wn = 0.2-0.8 £ o ~-1.0
strike pt. -102<9 -10*

Simulated side empty: no lost marker in either run.



Backup: consistent-profile runs, beam-source scan (#39168 vs #39163)

beam scan, consistent profiles: NB1C (1 MW) vs NB2A (0.8 MW)
a = #39168 yN, b = #39163 yN

measured: AT, — AT, (IRTV) simulated: g, — gp (NuBDeC)
¥ =

— strike point
—— stabilizer boundary
—— poloidal limiter

[
o
4

[y
(=}
E)

o
A intens?ty (a.u.), SymLog

wn =1, #39168 yN
wn = 1, #39163 yN

| |

[

o o
™

wn = 0.2-0.8
strike pt.

Simulated side empty: no lost marker in either run.

poloidal view
(




Backup: consistent-profile runs, birth phase space

#39168 consistent, 400 kA, 1.8 T #39176 consistent, 600 kA, 1.8 T 100
lost 0.000% | ¢ % ) lost 0.000 %
107! 10!
1072 10-2 — loss boundary (LCFS outer)
--- wall outer
VY e Usn-3 L -3 _3 — magnetic axis
0075 =65 00 o5 10 ° 10 05 00 05 1.0 9 — LCFSinner
Py /(e yw) Py /(€ yw) --- wall inner

#39181 consistent, 400 kA, 1.7 T #39163 NB2A consistent, 400 kA, L8 T~ Ppol = 0.9 (HFS midplane)
lost 0.000 % lost 0.000 % |J10° Ppol = 0.9 (LFS midplane)
-~ trapped/passing (v =0, HFS midplane)

SR

1.0V~ . 10!
w / - vy =0 at LFS midplane
= P
o} 7 AN "
305y 1072 1072

2l Uqn-3 S -3
0070 =65 00 05 1o L0 10 =05 0.0 05 1010
Pyl (e ww) Py /(e yw)

No lost births in any of the four runs (incl. NB2A #39163): births end inside p,,,] = 0.9 (magenta).



Backup: consistent-profile runs, pitch—energy, pitch, birth R, Larmor radius

(1/2)

#39168 consistent NB1C /, = 400 kA, Bt = 1.8 T: lost 0.000 % (4.8x108 markers, 65 keV only; grey all, red lost)
(a) pitch-energy

i (b) pitch distribution 1.00 c) birth R, lost (red (d) Larmor radius

— J J
3> = | oall b
250 o4 So.7s e
> |E/2 (not sim.) g = no wall hits |G 2
O5c|E/3 (not sim. = o
525 ) 5 £0.50 S
5 £ £

00650 075 1.002° 050 075 1.00 0

birth pitch &

1.5 2.0 0 25 50
birth pitch & birth R [m] pitch angle 6 [deg]

#39176 consistent NB1C /, = 600 kA, Bt = 1.8 T: lost 0.000 % (4.8x10° markers, 65 keV only; grey all, red lost)
(a) pitch-energy

o (b) pitch distribution 1.00 c) birth R, lost (red (d) Larmor radius
— J J
= [tV
ESO =4 e all = _
= ) ° 20.75 ) =
- |E/2 (not sim.) @ 3 no wall hits S !
955 |E/3 (not sim. = )
2253 ( ) T 2 £0.50 S
S 1S a P
o
0—%350 075 1.002% 050 075 1.00 0
birth pitch &

0 25 50

birth pitch & pitch angle 6 [deg]

1.5 2.0
birth R [m]



Backup: consistent-profile runs, pitch—energy, pitch, birth R, Larmor radius

(2/2)

#39181 consistent NB1C /, = 400 kA, By = 1.7 T: lost 0.000 % (4.8x10° markers, 65 keV only; grey all, red lost)
(a) pitch-energy i (b) pitch distribution c) birth R, lost (red

(d) Larmor radius
_ b wl.OG
> = | e oall
=4 ¥ —_
250 . o £0.75 €
~  |E/2 (not sim.) g = no wall hits |G 2
o i 2
225 E/3 (not sim.) =2 '§0.50 g
G £ 3
0 20 0
0.50 0.75 1.00 < 0.50 0.75 1.00 1.5 2.0 0 25 50
birth pitch & birth pitch & birth R [m] pitch angle 6 [deg]

#39163 consistent NB2A I, = 400 kA, By = 1.8 T: lost 0.000 % (4.8x10°> markers, 65 keV only; grey all, red lost)

(a) pitch-energy o (b) pitch distribution 1.00 c) birth R, lost (red (d) Larmor radius
— e < .
550 = | e all el _ :
~ 5 ] "
> |E/2 (not sim.) § %_0'75 no wall hits 5‘2
955 |E/3 (not sim. = o
2253 ( ) = £0.50 S
S £ 3
0 Q0 0
0.50 0.75 1.00 < 0.50 0.75 1.00 1.5 2.0 0 25 50
birth pitch & birth pitch & birth R [m]

pitch angle 6 [deg]
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